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BRIEF REPORT
The Late Devonian was a protracted period of low speciation result-
ing in biodiversity decline, culminating in extinction events near the
Devonian-Carboniferous boundary. Recent evidence indicates that
the final extinction event may have coincided with a dramatic drop in
stratospheric ozone, possibly due to a global temperature rise. Here
we study an alternative possible cause for the postulated ozone drop:
a nearby supernova explosion that could inflict damage by accelerat-
ing cosmic rays that can deliver ionizing radiation for up to ∼ 100 kyr.
We therefore propose that end-Devonian extinction was triggered by
one or more supernova explosions at ∼ 20 pc, somewhat beyond
the “kill distance” that would have precipitated a full mass extinction.
Nearby supernovae are likely due to core-collapses of massive stars
in clusters in the thin Galactic disk in which the Sun resides. Detect-
ing any of the long-lived radioisotopes 146Sm, 235U or 244Pu in one
or more end-Devonian extinction strata would confirm a supernova
origin, point to the core-collapse explosion of a massive star, and
probe supernova nucleosythesis. Other possible tests of the super-
nova hypothesis are discussed.
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Features of the End-Devonian Extinction
The late Devonian biodiversity crisis is characterized by a pro-
tracted decline in speciation rate occurring over many millions
of years (1–3), punctuated by an extinction pulse (Kellwasser
event) followed ∼ 10 Myr later by a more moderate extinc-
tion (Hangenberg event) around the Devonian-Carboniferous
boundary (DCB) ∼ 359 Myr ago (4, 5). Marshall et al. (6)
recently suggested that the Hangenberg event was associated
with an interval of ozone depletion (See also (7)), in light of
evidence such as malformations persisting in palynological as-
semblages on the order of many thousands of years. Ref. (8)
has argued that volcanic eruption and the formation of a
large igneous province (LIP) triggered the ozone depletion
whereas (6) instead linked the inferred ozone destruction to
an episode of global warming not caused by LIP.
Previous work has not considered astrophysical sources of
ionizing radiation, which are known to be possible causes
of ozone depletion and the concomitant UV-B increase that
could trigger elevated extinction levels (see, e.g., (9)), as well
as direct genetic damage. Here we ask whether astrophysical
sources could possibly account for the (6) data, and whether
any additional evidence could test for their occurrence.
The precise patterns prevalent during the DCB are compli-
cated by several factors including difficulties in stratigraphic
correlation within and between marine and terrestrial set-
tings and the overall paucity of plant remains (10). How-
ever, some general consensus does seem to be emerging that
there was first a loss of diversity in spores and pollen fol-
lowed after about 300 kyr (11) by a pulse of extinctions of
many plants including proto-trees, armored fish, trilobites,
ammonites, conodonts, chitinozoans and acritarchs, possibly
coeval with the Hangenberg Crisis; this seems to have largely
left intact sharks, bony fish and tetrapods with five fingers
and toes. The fact that these species disappeared over multi-
ple beds indicates that the extinction extended over at least
thousands of years, though the timescale is difficult to quan-
tify accurately.
Refs. (6, 10, 12) also report the discovery of spores from
this episode with distinct morphologies including malformed
spines and dark pigmented walls, features consistent with
severely deteriorating environmental conditions, and UV-B
damage following destruction of the ozone layer (12). How-
ever, more quantitative data are needed to study their varia-
tion during quiescent times in the fossil record.
Heating Mechanism for Ozone Depletion
Ref. (6) proposes an ozone depletion mechanism involving in-
creased water vapor in the lower stratosphere caused by en-
hanced convection due to higher surface temperatures. Water
vapor contributes to a catalytic cycle that converts inorganic
chlorine (primarily HCl and ClONO2) to free radical form
(ClO). The ClO then participates in an ozone-destroying cat-
alytic cycle. A similar set of cycles involving Br contributes
to ozone depletion, but to a lesser extent (13). Increased ClO
and decreased ozone following convective injection of water
into the lower stratosphere has been verified by observation
and modeling (13, 14). Ref. (6) argues that a period of ex-
ceptional and sustained warming would lead to the loss of the
protective ozone layer via this mechanism.
This mechanism is certainly important for lower strato-
sphere ozone depletion, and may have consequences for
ground-level UV-B exposure (13). More detailed study is war-
ranted. Until then, it is unclear whether this change would
be sufficient to cause an extinction. There are several reasons
for this.
First, the vertical extent of this ozone depletion mechanism
should be limited to the lower stratosphere (∼ 12 − 18 km
altitude) and does not overlap with the largest concentration
of ozone, which occurs around 20-30 km. So, while depletion
may be significant in the lower stratosphere, the bulk of the
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ozone layer lies above this region and would not be affected.
The total column density would be reduced, but not to the
extent of a complete loss of the protective ozone layer.
Secondly, the duration of the effect should be relatively
short, on the order of several days to a week or so (13), since
the injected water vapor is photolyzed and ClO is converted
back to HCl and ClONO2. Therefore, unless convective trans-
port of water vapor to the lower stratosphere, e.g., by storms,
is continuous (on the time scale of weeks) the ozone reduc-
tion will be episodic, not sustained. The effect is also sea-
sonal, since strongly convective storms tend to be limited to
spring/summer periods. While this is likely to be a detriment
to life on the surface, most organisms have repair mechanisms
that can cope with some short-duration UV-B exposure.
Thirdly, the effect is likely to be limited in geographic ex-
tent, since strongly convective storms are not uniformly dis-
tributed and the enhanced water vapor is likely only to spread
over 100 km or so horizontally (13).
Finally, there is significant uncertainty as to what level of
ozone depletion is sufficient for inducing aberrations in pollen
morphology and even more critically, large-scale extinction.
While the anthropogenic ozone “hole” over Antarctica has
led to increased UV-B exposure, no crash in the ecosystem
has resulted. This may partly be due to the seasonal nature
of the change, as would be the case here as well. Recent
work (15) has shown that short-term exposure to significant
increases in UV-B does not result in large negative impacts on
the primary productivity of ocean phytoplankton, and other
organisms show a wide range of sensitivity (16, 17). The
amount of column depletion over a given location in those
cases was around 50%. The depletion caused by the mecha-
nism considered in (6) seems unlikely to be that large. Thus,
the convective transport of water vapor to the lower strato-
sphere may not be sufficient to induce a substantial extinc-
tion. In any case, it is worth considering other mechanisms
for global ozone depletion.
Astrophysical Agents of Ozone Destruction and Bio-
sphere Damage
Astrophysical mechanisms for biosphere damage include
bolide impacts, solar proton events, supernova (SN) explo-
sions, gamma-ray bursts, and neutron star mergers (kilono-
vae). Bolide impacts, gamma-ray bursts and solar proton
events are essentially impulsive, and recovery of the ozone
layer takes a decade at most (18), which is likely to avert
lasting biosphere destruction. Moreover, they are unlikely to
recur frequently, as is also the case for kilonovae. Accordingly,
we focus on SNe.
SN outbursts are prompt sources of ionizing photons: ex-
treme UV, X-rays, and gamma rays. Over longer timescales,
the blast collides with surrounding interstellar gas and forms
a shock that drives particle acceleration. In this way, SNe
produce cosmic rays, i.e., atomic nuclei accelerated to high
energies. These charged particles are magnetically confined
inside the SN remnant, and are expected to bathe the Earth
for ∼ 100 kyr.
The cosmic-ray intensity would be high enough to deplete
the ozone layer and induce UV-B damage for thousands of
years (19–22). In contrast to the episodic, seasonal, and ge-
ographically limited ozone depletion expected from enhanced
convection, ozone depletion following a SN is long-lived and
global (see, e.g., (17, 21, 22)) and is therefore much more
likely to lead to an extinction event, even given uncertainties
around the level of depletion necessary. (We note that, as well
as the induced UV-B damage, cosmic rays could also cause
radiation damage via muons produced when they impact the
atmosphere (23)). The SN blast itself is unlikely to wreak sig-
nificant damage on the biosphere, but may deposit detectable
long-lived nuclear isotopes that could provide distinctive sig-
natures, as we discuss later.
ue to core-collapse, rather than being a Type Ia event.
There are two main types of SNe: (1) massive stars
(
>
∼ 8M⊙) that explode as core-collapse SNe (CCSNe), and
(2) white dwarfs that accrete matter from binary companions
and explode as Type Ia SNe. These SN types have similar
explosion energies, and both produce ionizing radiation able
to damage the biosphere. However, their nucleosynthesis out-
puts are quite different, leading to different radioisotope sig-
natures.
A near-Earth CCSN is more likely than a Type Ia SN.
Ref. (24) models the SNe within the Galactic disk, and calcu-
lated the CCSN rate within a distance r = r20 × 20 pc from
Earth to be ΓCCSN ∼ 5 r
3
20 Gyr
−1. A CCSN at a distance ∼ 2
times the “kill radius” of 10 pc is therefore a plausible origin
of the end-Devonian event. In contrast, the Type Ia SN rate
is an order of magnitude smaller, as these events are spread
over the Milky Way thick disk which has a volume ∼ 8 times
larger than the thin disk in which CCSN explode.
We note that massive stars are usually born in clusters (OB
associations), and are usually in binaries with other massive
stars. Thus, if one CCSN occurred at near the DCB, likely
there were others. This could offer an explanation for the
Kellwasser and other enigmatic Devonian events, in addition
to the Hangenberg event.
Possible Radioisotope Signatures of an End-Devonian
Supernova
A CCSN close enough to cause a significant extinction would
also deliver SN debris to the Earth as dust grains–micron or
sub-micron sized particles created early after the explosion.
Grains in the explosion would decouple from the plasma (gas)
and propagate in the magnetized SN remnant until they are
stopped or destroyed by sputtering during collisions (25).
The portion that reaches the Earth would deposit in the
atmosphere live (undecayed) radioactive isotopes. There is
very little pre-existing background for radioisotopes whose
lifetimes are much shorter than the age of the Earth. Those
with lifetimes comparable to the time since the event would
provide suitable signatures. The discoveries of live 60Fe in the
deep ocean, the lunar regolith and Antarctic snow provide one
such signal, which is interpreted as due to at least one recent
nearby CCSN 2–3 Myr ago at a distance ∼ 50−100 pc, which
is compatible with the rate estimate given above (25).
Possible relic SN radioisotopes from the end-Devonian pe-
riod with an age 360 Ma include 146Sm (half-life 103 Myr),
235U (half-life 704 Myr) and 244Pu (half-life 80.0 Myr). The
most promising signature may be provided by 244Pu, which
has also been discovered in deep-ocean crust and sediment
samples deposited over the last 25 Myr (26). Moreover, it
is absorbed into bones and retained during life (27), whereas
uranium is absorbed during fossilization (28) and 146Sm is sol-
uble. There is a significant 235U background surviving from
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before the formation of the Solar System, with an abundance
to 238U of 0.721 ± 0.001%, so a deposition of 235U with an
abundance exceeding a few ×10−5 would be necessary for sig-
nificant detection. U-Pb dating has been used to date accu-
rately the age of the end-Devonian extinction, but with an
uncertainty in the 235U/238U ratio that is considerably larger
than this target sensitivity. But discovery of a few atoms
of non-anthropogenic 244Pu in end-Devonian fossils would be
unambiguous evidence for the r-process in a nearby astrophys-
ical explosion. These observations have led us to estimate the
rates of deposition on Earth of 146Sm, 235U and 244Pu by a
nearby SN.
146Sm is a proton-rich (“p-process”) nucleus that might be
produced either by massive stars that explode as CCSNe, or
by exploding white dwarfs that are Type Ia SNe (29). Models
for the p-process (29) give 146Sm/144Sm ∼ 0.01 − 2.5, with
the predicted core-collapse abundance typically around 0.2.
Assuming a CCSN that produced a solar 144Sm/ø16 ratio,
and ejected Mej(ø16) = 2M⊙, we estimate a total yield of
146Sm in the ejecta of N (146Sm) ∼ 1.6× 1047 atoms.
On the other hand, 244Pu and 235U are neutron-rich nu-
clei that are made by the rapid capture of neutrons, the
r-process, whose astrophysical sites are uncertain. There is
evidence that kilonovae make at least some of the lighter r-
process nuclei (30), but it is uncertain whether these events
make the heavier nuclei of interest here. Assuming that CC-
SNe are the dominant r-process sites, we estimate yields of
N (235U, 244Pu) ∼ 3 (1.6) × 1047 atoms per explosion. The
corresponding global-average end-Devonian surface densities
of SN material, if undiluted by terrestrial contamination, are
N(146Sm, 235U, 244Pu) ∼ (1, 9, 0.2) × 105atoms/cm2 r−220
after including the decay factors for each species. Unfortu-
nately, this estimate implies a ratio of SN-produced 235U to
the background level in the Earth’s crust of O(10−10), which
is undetectably small. On the other hand, there is no natural
background to the prospective 244Pu signal, which may be
detectable in fossiliferous material. Its detectability depends
on the temporal resolution of the available geological sample,
whereas the possible detectability of the prospective 146Sm
signal depends also on the degree of dilution due to its solu-
bility. Finally, if more than one supernova occurred before the
DCB, then each of these could deposit radioisotope signals.
Other Tests for a Supernova
We have focused so far on the possible live isotope signatures
of a nearby SN mechanism for the end-Devonian extinction,
but now discuss other possible tests of this explanation.
The cosmic-ray and dust bombardment of the Earth would
have occurred some hundreds or thousands of years after the
initial optical and gamma-ray flash, whose possible effects
clearly warrant careful study.
It was suggested in (31) that cosmic-ray ionization of the
atmosphere and accompanying electron cascades would lead
to more frequent lightning, producing an increase in nitrate
deposition and in wildfires. The increased nitrate flux might
have led to CO2 drawdown via its fertilization effect (32), and
thereby cooling of the climate. There is evidence for cooling
during the first stage of the end-Devonian event, though this
occurred an estimated 300 kyr before the radiation damage
attested by the data on pollen and spores (6). Any increases
in soot and carbon deposits during the end-Devonian event
could have been generated by increases in wildfires.
Cosmic rays striking the atmosphere produce energetic
muons that can penetrate matter to a much larger depth than
UV-B radiation. The radiation dose due to muons at the
Earth’s surface (33) and in the oceans at depths . 1 km (23)
could exceed for many years the current total radiation dose
at the Earth’s surface from all sources. Therefore, in addi-
tion to comparing in more detail the effects of muons and
UV-B radiation at or near the Earth’s surface, there may be
end-Devonian extinctions of fauna living at depth.
Finally, if there was one CCSN at the DCB, there may have
been more. If other CCSN(e) were responsible for the Kell-
wasser or other events, there should be associated evidence
for ozone depletion and the other signatures above.
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